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Abstract Characteristics of fungal species tolerant to high levels of metals in natural environment can be amplifi ed by isolation and selection of resistant mutants.
Step-by-step culturing led to identifi cation of highly stable Co-resistant (Co R ) mutants of A. nidulans. Based on two distinct morphological features, Co-resistant mutants were categorized as Co R I and Co R II. The two mutants varied in their growth behavior and colony morphology that were refl ected in supplemented as well as unsupplemented growth media over the generations. As compared to the Co R I, Co R II mutant exhibited sparse mycelia and conidiation but secreted higher amount of melanin. Co R mutants could tolerate up to 2.5mM Co in the medium, however, required a threshold concentration of 0.25mM Co for optimal growth and germination. Absence of Co in the medium caused a stressful situation for the Co R mutants and led to the secretion of a white extracellular precipitate found to be a glycoprotein. In response to interactions with Co-ions, Co R mutants produced oxalic acid and bioprecipitated Co as Co-oxalate providing scope for metal reclamation as well as oxalic acid extraction. The mutants could help to recover the insoluble Co-oxalate salt from aqueous solutions by entrapping it in their growing mycelial meshwork.
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Introduction
Metals are the integral part of all ecosystems and occur in both elemental and ore forms in nature. In fact life has evolved in the environment rich in various metals and therefore, all cells have incorporated certain metal ions into their essential cellular functions. Due to industrial and anthropogenic activities, the ecosystems are increasingly subjected to heavy metal pollution 1 . Consequently, the life forms are continuously being exposed to potentially toxic conditions, and therefore most organisms have evolved mechanisms of metal homeostasis and metal resistance to cope-up with varying amounts of metals in their environments. This requires the cellular ability to recognize the metal species as well as the relative concentrations 2, 3 . The heavy metal cobalt (Co), fi nds extensive use for industrial purposes like production of steel, and for electroplating, and for the production of pigments 4 . Like many other heavy metals, Co is an essential metal needed in trace amount by the organisms for a range of metabolic activities and structural organization. It is an essential component of vitamin B 12 and is an integral requirement for enzymes like transcarboxylase and amidino aspartase 5 . However, at higher concentrations, Co is toxic to the cells as it inhibits cellular respiration and enzymes of citric acid cycle 6 . Environments polluted with metals lead to the selection of resistant organism via molecular mechanisms. Such resistant microorganisms constitute a subject of increasing importance as they can be exploited to minimize metal pollution. Bacteria and fungi belonging to various genera 6, 7 . Filamentous fungus, because of its characteristic expanding growth is a good eukaryotic model system to study metal-microbe interactions. We therefore chose Aspergillus nidulans as the experimental organisms for this study, as this fungus has been found in industrially polluted soils. Cobalt resistant strains were developed and characterized for their physiological characters including intracellular Co-localization. The signifi cant fi ndings are reported in this communication.
Materials and Methods
Organism and the growth conditions: A metal sensitive strain riboA 1 3, 8 . The process led to the selection of Co R mutants that exhibited good growth and conidiation at 2.5mM of Co. Beyond this concentration, growth of the mutant strains was inhibited. Therefore, 2.5mM Co was considered as maximum tolerable concentration (MTC) of the metal.
Biochemical analysis of culture secretions:
The fungus secreted a pink coloured extracellular precipitate in Co-containing medium and a white precipitate in Co-free medium. Both types of precipitates were analyzed.
The extracellular pink precipitate was insoluble in water and was collected by fi ltering the culture medium through a muslin cloth. The culture fi ltrate containing the precipitate was processed differently for the analysis of Co and the associated anionic radical. For Co assay, the culture fi ltrate was fi ltered on a dried and pre-weighed Whatman No. 1 fi lter paper, dried at 80°C till the constant weight was obtained, and incinerated at 600°C for 6 h. The ash was dissolved in 2 ml of 1N HCl and subjected to Co assay by Atomic Absorption Spectrophotometer (AAS-Shimadzu: AA-640-13) at 240.7 nm after appropriate dilutions in deionised distilled water.
For the detection of anionic radical, the culture fi ltrate was centrifuged at 10,000 x g for 20 min. The pink precipitate was washed with distilled water and subjected to chemical analysis. Since the oxalate is known to be insoluble pink-coloured salt of Co, the tests for the detection of oxalate radical were conducted. Tests were also carried out to examine the possibility of citrate radical.
For the assay of white precipitate, the Co-free culture broth containing the precipitate was centrifuged. The pellet was washed extensively and subjected to solubility tests in weak acids, weak alkalis, strong acids, hot alkalis as well as in several organic solvents. Tests for the presence of polysaccharides and proteins were carried out. Maackia amurensis agglutinin test was performed to identify the complex sialylated carbohydrate chains and the type of sialic acid linkage.
Maackia amurensis agglutinin (MAA) assay:
The test is based on the principle of lectin binding to the carbohydrate moiety of the glycoprotein. The lectin used was conjugated with the steroid hapten digoxigenin, which enabled the immunological detection of bound lectins. In order to identity specifi c carbohydrate structure, the lectins, which selectively recognize the terminal sugars, were used. This enabled the identifi cation of the nature of the carbohydrate chain in the glycoproteins. The galactose recognizing Maackia Amurensis Agglutinin (MAA) was the lectin used in the present test. MAA specifi cally identifi es sialic acid linked -(2-3) to galactose Transmission electron microscopy: TEM was carried out to identify the cellular sites of Co sequestration in the mutants. Mycelia, grown in Co-containing (MTC-level) liquid Czapeck-Dox medium for 72 hours, were used for this study. The sections were viewed and photographed through transmission electron microscope (CM-10 Phillips).
Results and Discussion
Development of Co-resistant mutants: Fungi can interact with the metals and accumulate them by employing different physico-chemical mechanisms and transport system of varying specifi city 9 . The selection by step-by-step culturing of wild type Co sensitive strain riboA 1 , biA 1 , on medium containing increasing concentrations of Co, provided mutants having tolerance to 2.5 mM Co. All the mutants retained this level of resistance, even after several subculturing on Co-free medium. The heritable acquisition of metal resistance by continuous training has been reported for other fungi including A. nidulans 3, 8 . Two categories of Co-resistant (Co R ) mutants, having two distinct colony morphologies were identifi ed, and designated as Co R I and Co R II. Co R I mutant had relatively small colonies with dense mycelia, bright green conidia and little melanin secretion (Fig. 1A) . Co R II mutant had sparse mycelia and conidiation but little larger colonies and secreted melanin (Fig. 1B) . In terms of colony diameter, Co R I and Co R II after 120 h of growth on CDM containing Co registered about 70 and 93 percent growth, respectively, as compared to Co S strain on Co-free medium (Fig. 2) . At least 50% inhibition of conidial germination by 0. medium, the conidiation was completed by 72 h. Co-resistant mutants of Neurospora crassa exhibited change in conidial colour suggesting the possible interference in pigment production 11 .
Growth and morphological characteristicss: The growth of Co R mutants was affected by the absence of cobalt in the medium. In the absence of Co, Co R mutants appeared to be under stress as their hyphae were very sparse and tended to spread in the medium as compared to Co S colonies. The growth of mutants in media with different concentrations of Co revealed that Co R I and Co R II mutants formed larger colonies in the presence of 0.25mM Co than in absence of Co on Czapeck-Dox agar (Fig. 3) . The colonies were compact with densely packed mycelia and good conidiation. This demonstrated that the low concentration of 0.25 mM of Co was optimal and synergistic to the growth of Co R mutants. Almost similar trend of growth stimulation by low doses of Co was observed when the mutant strains were cultured on CM agar. More than 0.25mM Co in CM led to gradual reduction in the colony diameter and interference in the pigmentation of conidia (Fig. 4) . Both the mutants exhibited a transient stage of reduced pigmentation in conidia especially in the central region of the colonies. At the end of 120 h, however, all the conidia acquired the green colour that was brighter than the colour observed in sensitive strain. In Co-free CM, a concentric zone of white halo was found around the colonies of Co R mutants accompanied by deformed mycelial growth after 72 h. Halo zone consisted of a white precipitate secreted by the mycelium. In Co R I strain, whose growth was highly inhibited, there was a very dense white precipitate (Fig. 5 A, B) , while in Co R II strain, the halo as well as precipitation was less pronounced and the former was visible only under the microscope (Fig. 5 C) .
In liquid CDM, the growth of the mutants was comparable to that obtained on solid medium. Stimulating effect of low concentration of Co (up to 0.25 mM) on the growth of both categories of Co R mutants was further evident. The mutants did not exhibit normal germination of conidia and growth in Co-free medium. Normal fi lamentous structure and conidiation was found lacking. The colonies appeared unusually dense and compact and the abnormal mycelia bore hyaline, thick-walled structures of uncertain morphology. However, at very few regions of the colonies, normal fi lamentous branching could be observed after 24 to 48 h (Fig. 6 A,B) . Addition of Co to the medium restored the normal growth and conidiation. The data of the germination of conidia also clearly showed higher conidial germination (colony forming units) of Co R mutants than Co S on medium containing Co and vice-versa (Fig. 7) .
In liquid CM, Co R I mutant showed deformed mycelial growth and produced higher amount of white precipitate as compared to Co R II strain and the medium appeared turbid. Addition of divalent cations Co, Ni, Zn, Fe, and Cu in the culture medium restored the normal growth of the mutants. The extracellular precipitate disappeared from the medium over the period of 16 hours, leaving the medium clear. It can be suggested that many of these cations through their interaction with each other or other components of the growth media improved the availability of certain essential nutrients. Such a role has been assigned to Cd in Cd R mutants of A. nidulans 12 . In Co-containing liquid CDM a distinct phenomenon was observed. By 24 h, the mycelia acquired a distinct pink colour (Fig. 8 A) and a pink coloured substance started precipitating and accumulating at the bottom of the culture fl ask. By 48 h, the pink precipitate formed in Co R I culture was about 4.2% and in Co R II culture about 6% of the weight of the biomass. During the subsequent growth, the amount of precipitate was found to decrease. An examination of the mycelia under the microscope showed the entrapment of the pink precipitate in the mycelial network (Fig. 8B) . Acquisition of a distinct pink colour by the Co R mutants is therefore, suggestive of sequestration of Co. In C. blakesleena, most of the Cu taken up was located in the cell wall and gave blue colour to the fungus [13] [14] [15] .
Characterization of precipitates:
The analysis of insoluble pink precipitate formed in liquid CDM containing 2.5mM Co by Co R mutants revealed it to consist of cobalt oxalate.
There was little decrease of pH in the growth medium containing 2.5mM Co after 24 h growth. However by 48 h of growth, when the pink precipitation was maximum the pH increased slightly and continued to increase up to 96 h till the biomass degradation commenced as also observed during normal growth of the fungus. A trend of lowering pH was not observed when Co S strain was grown in Co-containing medium. This suggested that the secretion of a weak acid like oxalic acid was the property of Co R mutants. Slight increase in pH beyond 48 h of growth of Co R mutants indicated the cessation of oxalic acid secretion by the mycelia, and consequent decrease in the amount of pink precipitate. Utilization of ligand mechanism and release of a mild organic acid (oxalic acid) that precipitated the metal as Co-oxalate, a resistance mechanism, is also reported in other studies 16, 17 .
A B The analysis of white extracellular substance, produced by Co R mutant under stress in Co-free medium, revealed it to be insoluble in water, weak acids as well as alkalis and organic acids but soluble in hot alkali and concentrated acid. It gave weak but positive reaction to Biuret and Millon's test for proteins and strong positive reaction A B to the phenol-sulphuric acid and anthrone reagents for the carbohydrates
The sugar-moiety of the stress precipitate appeared to be a sialic acid molecule terminally linked at -(2-3) to galactose. This was shown by performing the Maackia amurensis agglutinin test (MAA-test) that specifi cally recognizes the sialylated carbohydrate chains as well as type of sialic acid linkage. Similar tests conducted for the identifi cation of mannose and other terminal sugars yielded negative results. The precipitate did not exhibit any mobility under the infl uence of the electric fi eld on SDS-PAGE, but yielded positive result as a pink spot in the dot blot test for proteins using Ponceau S reagent.
Fungi are known to produce polymers of glycans under stress conditions. In the medium devoid of nitrogen or carbon source, species of Aspergillus and Penicillium secrete a hot water extractable -glucan, the nigeran, that gets deposited in the hyphal walls 18 . The presence of heavy metals can also elicit such a response from the fungus. Cu, Fe and Mg have been reported to elevate nigeran deposits in many species of Aspergillus and Penicillium 19 . Nigeran deposition on the cell walls is generally interpreted as a mechanism to maintain the integrity of the cells under hostile conditions. In certain fungi, under stress condition the cell walls are thickened and are accompanied by the formation of chlamydospore structures 19 . The results in our study, although did not confi rm deposition of nigeran, there was indeed a secretion of a glycoprotein by Co R mutants in the absence of Co in the medium. Though, the precise reason for such a secretion is still not clear, the glycoprotein could possibly be a byproduct of an incomplete pathway and its further metabolism might depend on certain factors or enzymes that require Co or other divalent cations. However, attempts to substitute Co by vitamin B-12 (cyanocobalamine) neither promoted the growth nor prevented the precipitation.
Intracellular localization of Co:
The distribution of Co at various locales in the cell was examined by transmission electron microscopy. Thin sections of 72 h old mycelial of Co R and Co S strains cultured in Co-containing medium showed the normal hyphal structure with no evidence of any signifi cant structural abnormalities. The pattern of accumulation and distribution of the metal in the two categories of mutants were different. In Co R II mutants, the mycelia showed cell surface deposition and intracellular electron dense deposits dispersed in the entire cytoplasm (Fig. 9) . Co R I mutant showed electron dense regions in granulated form distributed in the entire cytoplasm. Deposition of U (Uranium) extracellularly in S. cerevisiae, and in the bacterium, Pseudomonas aeruginosa did not bring about apparent structural changes 20 . Cd, however, was compartementalized in vacuoles in S. cerevisiae with no apparent alteration of the cell interior and organelles 21 . In N. vasinfecta, Zn was deposited either in large, irregular deposits located just inside the hyphal membrane or in small discrete spots concentrated mainly in the nucleus 22 . The hyphae of Cu-grown C. blakesleeana were larger in diameter with rough granular surface and thicker cell walls, and the cytoplasm and mitochondria appeared damaged 13 . These results suggest that in some fungi including A. nidulans, there may not be any structural changes due to extracellular or intracellular deposits of certain metals, while in some other fungi, these changes may occur.
